Abstract: Pulmonary nodule detection and characterization continue to improve with technological advancements. The noninvasive methods available for assisting in nodule detection and for characterizing nodules as benign, malignant, or indeterminate will be discussed. Evidence-based guidelines will be reviewed to help guide the appropriate management of pulmonary nodules.
T he solitary pulmonary nodule (SPN) is a frequently encountered finding on multidetector computed tomography (MDCT). A nodule is of high clinical importance,
given it may prove to be an early manifestation of lung cancer, which is the leading cause of death in the United States from malignancy. 1 Early detection, accurate characterization, and appropriate management of pulmonary nodules require expertise across multiple disciplines such as radiology, oncology, pulmonary medicine, radiation oncology, and thoracic surgery. Given the high number of SPNs detected on CT and the low sensitivity of both 18F-flourodeoxyglucose (FDG) positron-emission tomography (PET) and CT-guided biopsy for nodules smaller than 5 mm in size, the latest technologies for nodule detection, means of characterizing these lesions, and guidelines for managing lung nodules will be addressed. 2 We will also discuss the role of new and developing technologies, including computer-aided detection (CAD), the nodule volume assessment technique, dual-energy CT, and nodule enhancement.
PULMONARY NODULE DETECTION ON CT
Chest radiography remains the most commonly ordered radiological examination. Unfortunately, radiography has low sensitivity for demonstrating significant lesions and a high false-positive rate for the detection of pulmonary nodules. 3, 4 The greater degree of spatial and contrast resolution provided by MDCT enables improved sensitivity and specificity for pulmonary nodule detection. Nevertheless, pulmonary nodules are still undetected on MDCT due to their small size; low Hounsfield unit (HU) attenuation (ground-glass nodules); perivascular central or endobronchial location; or adjacent parenchymal disease. [5] [6] [7] [8] 
VIEWING OPTIONS
The widespread availability of MDCT scanners provides the opportunity to examine thin-section (1 mm) CT images in the order of 2 mm and smaller in thickness, which improves reader detection of focal lung findings and characterization of these findings as nodules. The overall sensitivity for reader detection of pulmonary nodules has been reported to be 70% to 75%. However, sensitivity is significantly lower for smaller pulmonary nodules related to volume averaging. 9 , 10 Diederich et al 10 reported that reader sensitivity using 5-mm sections was 69% for nodules smaller than 6 mm, and 95% for those that were 6 mm or larger. However, the number of images to be examined increases by 5-fold when 1-mm-section images are used instead of 5-mm-section images, which can contribute to reader fatigue. 11 In addition, on thin sections, small pulmonary nodules are difficult to differentiate from normal vascular structures.
Postprocessing techniques are now widely available and can increase reader sensitivity for pulmonary nodules. The maximum intensity projection (MIP) technique displays the brightest voxel along an array within a slab. In the lung, the voxels of a vessel are the brightest (in contrast to the surrounding air-filled acini), and therefore their values are most often used for display. This leads to visualization of the branching vessel within a slab and facilitates differentiation of a perivascular nodule from the vessel (Fig. 1) . MIP techniques were shown to improve the visualization of small nodules. 12 , 13 Park et al 14 reported the nodule detection sensitivities of 4 readers (A, B, C, and D), who interpreted 1-mm sections, as 91%, 88%, 87%, and 86%, respectively. The sensitivities increased to 94%, 96%, 91%, and 92%, respectively, when the readers evaluated 5-mm MIPs reconstructed at 1-mm intervals; the sensitivity change was significant for readers B, C, and D. The value of MIPs has been shown in both axial and coronal projections, in addition to coronal multiplanar reformations. 15 Minimum intensity projection images may potentially play a role in the detection of ground-glass lesions (Fig. 2) .
CAD
Computer-assisted image analysis methods can aid the radiologist in detecting lung nodules. These computer algorithms have been enabled by high-resolution thinsection MDCT data. CAD techniques have been shown to increase the detection of small pulmonary nodules while maintaining time efficiency for diagnosis. CAD devices for nodule identification have been primarily investigated in the role of a second reader, in which CAD identifications are viewed subsequent to an initial review by the radiologist. [16] [17] [18] [19] [20] For example, in a study by Rubin et al, 17 a CAD device increased reader sensitivity for the detection of pulmonary nodules from 50% to 76%, with 3 false-positive detections per CT scan if all the true-positive CAD marks were to be accepted by readers. False-positive detections by CAD were related to artifact, branching points of vessels, or central vessels, and have been reduced with improved CAD schemes to 3 or fewer per CT scan. 17 The maintenance of a low false-positive rate is important, as radiologist confidence in detecting small pulmonary nodules can be influenced by CAD. 21 A recent study demonstrated that a radiologist will accept 11% of falsepositive CAD marks. 21 Both CAD and MIP were shown to assist the detection of lung nodules to equal degrees. 14 The utilization of CAD will be facilitated by seamless viewing of CAD results on clinical picture archiving and communication systems (PACS) rather than on a stand-alone workstation, and by ultimately, real-time interaction with CAD results on PACS (Fig. 3) .
Minimal investigation has been devoted towards CAD identification of ground-glass nodules. [22] [23] [24] [25] [26] CAD detection of ground-glass nodules is difficult. The faint attenuation and low contrast of ground-glass nodules relative to the adjacent lung parenchyma hinder thresholding and segmentation techniques. For example, the sensitivity of a single CAD technique was only 53% for ground-glass nodules, whereas it was 73% for a mixed ground-glass and solid nodule. 27 As this technology continues to evolve, potential exists for devices to positively impact reader detection of lung nodules for both ground-glass and solid attenuation nodules.
Nodule-detection techniques are also needed for automated matching of lung nodules on multiple chest CT studies, an essential aspect of nodule characterization. The process of both nodule detection and image registration requires lung segmentation, feature extraction, and characterization by CAD. The comparison of multiple CT studies poses challenges given variations in inspiratory lung volumes, patient positioning, and lung pathology. Registration techniques to overcome these challenges include rigid methods that account for patient rotation and location of the patient's thorax within the image; however, differences related to scale and changes in lung, lobe, and locoregional morphology that frequently occur are better addressed with deformable models and elastic registration techniques. 28, 29 Similar methods are used for intermodality registration, such as CT with magnetic resonance imaging. A study by Tao et al 30 evaluated a computer registration program's ability to automatically match pulmonary nodules on 3 serial screening MDCTs. They demonstrated a 92.7% matching rate between studies performed 1 year apart. Automated matching was not significantly affected by nodule size or ground-glass attenuation. However, a juxtapleural location significantly decreased the matching rate to almost 86%. Other studies evaluated patients with metastatic disease on serial examinations. These studies demonstrated matching rates of only 66.7% and 86.3%. 31, 32 Advances in the development of interfaces with clinical workstations would facilitate detection and comparison of nodules over multiple studies in clinical practice.
NODULE MORPHOLOGY ON MDCT AND ETIOLOGIES
Benign nodules result primarily from infection. Infectious granulomas account for more than 80% of benign SPNs 33 ( Fig. 4) with mycobacterial infection the most common cause, followed by fungal organisms. Hamartomas, consisting of multiple mesenchymal tissue histologies, represent 10% of benign SPNs. 33 Arteriovenous malformations and aneurysms are other causes of an SPN.
Malignant etiologies for SPNs include primary lung cancer (84%) and solitary metastasis (8%) ( Table 1) . 34 CT trials for lung cancer screening have found an 8% to 51% prevalence of SPNs in high-risk patients. 35, 36 The most common histologic subtype of lung cancer is adenocarcinoma. Adenocarcinoma represents 50% of malignant pulmonary nodules and is typically peripheral in location. 34 Squamous cell carcinoma is the second most common histologic subtype of lung cancer, and two-thirds of these tumors are located centrally. 37 Other subtypes of lung carcinoma can also present as SPNs. Small cell carcinoma occurs as an SPN approximately 5% of the time and more often presents with bulky lymphadenopathy in the hilar and mediastinal regions. 37, 38 Carcinoid tumors are neuroendocrine tumors that represent 1% to 2% of all lung tumors, with 10% to 20% atypical and the remainder typical. In addition, 16% to 40% of carcinoids occur in the peripheral lung (Fig. 5) . 39, 40 Although most often multiple, metastases to the lung parenchyma from an extrapulmonary primary malignancy such as colon and renal cell carcinoma, testicular cancer, melanoma, and sarcoma can appear as SPNs. Lymphoma in the lung parenchyma has several appearances, including that of an SPN (Fig. 6 ).
Size is a primary factor in determining the risk for malignancy of a nodule. In a meta-analysis of 8 large screening trials, the prevalence of malignancy depended on the size of the nodules, ranging from 0% to 1% for nodules 5 mm or smaller, 6% to 28% for those between 5 and 10 mm, and 64% to 82% for nodules 20 mm or larger. 35 The presence of multiple nodules increases the likelihood of etiologies such as metastatic disease, septic emboli, and pulmonary infarcts. In addition, inflammatory diseases such as Antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis, sarcoidosis, amyloidosis, and rheumatoid arthritis can lead to multiple benign pulmonary nodules. 41, 42 Multiple arteriovenous malformations (AVMs) can occur in patients who have hereditary hemorrhagic telangectasias (Osler-Weber-Rendu syndrome). This is autosomal-dominant disease with a triad of epistaxis, mucocutaneous or visceral telangiectasias, and a family history (Fig. 7) . A majority of AVMs (70%) are simple, with a single feeding artery and a single draining vein. 43 Multiple isolated nodules of 8 mm and smaller in size are typically considered independently as SPNs rather than as multiple nodules caused by a common process. 44 Alternatively, with multiple nodules that are larger than 8 mm in size, the rate of malignancy can be high. In a study of video-assisted thoracoscopic (VATS)-resected lung nodules at an oncology center, 51% of 39 patients with multiple nodules but no history of malignancy at the time of VATS had at least one nodule proven to be malignant. 45 In this population, the investigators demonstrated a 68% rate of malignancy for multiple and solitary nodules of 0.5 cm or smaller in size, and a 70% rate for those between 0.5 and 1 cm in size. The high rate of malignancy in these patients probably reflected the higher risk of cancer in the general population at the investigators' institution, in addition to the inclusion of patients undergoing VATS nodule resection. Clustering of multiple nodules in one area of the lung would suggest a benign over a malignant etiology; however, the presence of a dominant nodule accompanied by smaller satellite nodules can occur with lung cancer.
Attenuation
Ground-glass attenuation at CT is a characteristic that has been associated with a subset of nodules representing primary lung malignancy, more specifically adenocarcinoma. Anywhere from 20% to 75% of ground-glass nodules are malignant. 34, 47 Ground-glass-containing nodules have been termed "subsolid" by some investigators and are pure ground-glass or partly solid, meaning that some soft tissue density is present within the nodule. Persistent pure groundglass nodules have been associated with primarily bronchioloalveolar carcinomas (BACs). In a study by Kim et al that assessed the cause of persistent pure ground-glass nodules, 40 of 53 (75%) ground-glass nodules were either BAC (36 nodules) or adenocarcinoma (4 nodules). Another cause of ground-glass is nodules atypical adenomatous hyperplasia (AAH), a precursor to adenocarcinoma. AAH comprised 6% of the nodules, while organizing pneumonia or nonspecific fibrosis accounted for 19%. In the study by Kim et al, 47 neoplastic nodules were larger in size with an average diameter of 13 mm, while the AAHs were on average 8 mm. Inflammatory ground-glass nodules had a similar size as their neoplastic counterparts, with a mean diameter of 12 mm. Areas of soft tissue density within ground-glass nodules have been associated with areas of active fibroblastic proliferation and invasive features seen with adenocarcinoma ( Fig. 8) . 48 The differentiation of AAH, and low-grade BAC is difficult, and nodule sphericity in one investigation was significantly associated with AAH, as opposed to BAC, whereas an internal air bronchogram significantly correlated with BAC. 49 Any increase in density within a persistent ground-glass nodule, with or without associated overall nodule size increase, raises the concern of malignancy and the histologic development of aggressive features. Malignant ground-glass nodules have been described to decrease in size occasionally, usually with increasing density probably related to collapse fibrosis, and therefore continued reassessment by CT of a decreasing nodule may be warranted. 50 Of note, the term BAC will be eliminated from the pathological lexicon and replaced with the term adenocarcinoma to represent tumors with lepidic growth without invasive components. 51 Tumors with invasive components that are 5 mm and smaller will be termed minimally invasive adenocarcinoma. Mixed-attenuation nodules can also represent pulmonary lymphoma, although infrequently (Fig. 6 ).
The pattern of calcification within an SPN is useful to determine the likelihood of malignancy. Calcification is present within 10.6% of nodules and masses representing lung cancers. 52 Patterns of calcification that raise suspicion for malignancy include eccentric (asymmetric), reticular (linear), punctuate (discrete), and amorphous (indistinct separation between foci of calcification). 53 Eccentric calcification typically occurs when a carcinoma engulfs a preexisting adjacent granuloma. Other patterns of calcification seen in malignant nodules are dystrophic calcification within necrotic areas of tumor and calcification related to mucin production. Benign SPNs calcify in patterns that have been described as central, concentric, popcorn, and diffuse (homogeneous). Prior granulomatous infection is most often associated with central, concentric, or diffuse calcification. Popcorn calcification is seen in hamartomas (Fig. 9) . The absence of a benign calcification pattern does not favor a malignant process, as up to 63% of benign nodules lack calcification. 54 Identifiable macroscopic fat within a nodule on MDCT is a fairly characteristic finding of a pulmonary hamartoma, 54 in addition to popcorn calcification. Although rare, other etiologies for pulmonary nodules containing visible fat on CT include solitary liposarcoma metastasis and focus of exogenous lipoid pneumonia (Fig. 10) .
Border, Shape, and Location Characteristics
Benign pulmonary nodules most often have a welldefined and smooth border. However, 21% of nodules with a well-defined and smooth border are malignant. 55 FIGURE 3. CAD detection of overlooked lingular nodule. On 5-mm (A) and 1-mm (B) axial sections, a location adjacent to the heart border and cardiac pulsation artifact in the lung limited the identification of a pulmonary nodule (arrow). C, Axial section with CAD mark (arrow), which was preprocessed on a server and displayed on a clinical PACS workstation, correctly identified the nodule despite the presence of artifact.
A spiculated pulmonary nodule is most likely to be malignant; however, this may not be a discriminator for subsolid nodules. 47 A lobular border is most often associated with malignant nodules. In the Dutch-Belgian randomized lung cancer screening trial (Nederlands Leuvens Longkanker Screeningsonderzoek), lobular nodules had a higher likelihood for malignancy compared with smooth nodules, and all malignancies were intraparenchymal, without attachment to vessels. 56, 57 However, up to 25% of benign nodules also can have a lobular border. 58 For subsolid nodules, morphology (shape, border, and presence of pleural tags) did not differentiate benign etiologies such as interstitial fibrosis from the malignant BAC and adenocarcinoma in an investigation by Kim et al. 47 Nodules surrounded by a ground-glass halo are nonspecific. The halo can represent either infection (often fungal) or hemorrhage secondary to vasculitis or metastatic disease. Ground-glass halos are more commonly seen in the setting of multiple nodules than with an SPN. When associated with an SPN, the halo sign raises the suspicion for BAC or, uncommonly, parenchymal lymphoma (Fig. 6) . 59 A reversed halo sign occurs when a nodule has central ground glass surrounded by soft tissue density. 60 The sign has been described with organizing pneumonia and other infectious and inflammatory etiologies. With this pattern, nodules are also typically multiple. Both benign and malignant SPNs can have cavitation and air bronchograms (Fig. 11) . 61 Cavitation can occur with infection, vasculitis, primary lung cancer, and metastatic disease. Cavity wall thickness has been investigated as a differentiating characteristic between benign and malignant nodules. In one investigation of cavities on radiographs, cavitary nodules with a wall thickness less than 4 mm were benign in 92% of cases, whereas those with a wall thickness greater than 16 mm were malignant in 95% of cases. Cavitary nodules with walls of intermediate (5 to 15 mm) thickness were malignant 51% of the time. 62 On CT, Honda et al 63 reported that irregularity of the inner cavity wall was significantly more frequent in malignant compared with benign cavities (49% and 26%, respectively). A linear outer cavity wall was significantly more common in benign compared with malignant cavities (32% and 13%, respectively). An outer wall notch was identified more in malignant than in benign cavities (54% and 29%, respectively). Nodule shape also offers predictive value, with an irregular shape having a higher likelihood for malignancy, as compared with round or polygonal nodules. 56 Air bronchograms are frequently seen in focal infections, such as round pneumonia, but occur also in malignancy, such as mucinous adenocarcinoma.
An upper lobe location for a lung nodule increases the possibility that a lesion is lung cancer. 64 However, apical segment nodularity that is small, peripheral, subpleural, and irregular is frequently seen and presumably related to postinflammatory fibrosis. 46 Perifissural densities are frequently small intraparenchymal lymph nodes with low malignant potential, as described in screening populations. These lymph nodes often appear triangular or oval in shape on CT (Fig. 12) . 46, 65 Finally, nodule characterization using computerassisted techniques remains under investigation. 66 The goal for computer assistance is to improve consistency in characterizing nodules and to better predict their etiology and behavior. 67 Continued research in this area may provide greater insight into the predictive value of nodule characteristics.
NODULE VOLUME AND GROWTH ASSESSMENT
Noncalcified subcentimeter pulmonary nodules detected on MDCT are monitored frequently with serial followup CT examinations. This is because 18F-FDG-PET, contrast-enhanced CT, and CT-guided percutaneous biopsy are less accurate for evaluating small pulmonary nodules. The follow-up assessment of pulmonary nodules does not only include evaluating for interval size change, but also morphology and attenuation changes.
Follow-up MDCT assessment of SPN size change can be accomplished either qualitatively or quantitatively. The most common technique for quantitative measurement is the manual placement of electronic calipers at the maximum cross-sectional diameter on axial sections. However, Revel et al 68 demonstrated that 2-dimensional CT measurements to evaluate for a size change are not reliable. They found poor intrareader and interreader agreement on 2-dimensional size measurements. In addition, asymmetric growth may not be detected with 2-dimensional measurements. Three-dimensional volumetric measurement techniques have been shown to be more accurate. 69 Computer-assisted techniques, primarily semiautomated, have been developed for measuring pulmonary nodules in linear dimensions and volumetrically. Some are currently commercially available. Computer-assisted methods have been evaluated for use in the clinical scenarios of nodule characterization and for the surveillance of known malignancy, the latter typically performed according to the Response Assessment Criteria in Solid Tumors and World Health Organization criteria. Schwartz et al 70 reported that measurement of tumor size was more consistent among readers using an automated autocontour technique than electronic calipers. Increasing knowledge of the precision (repeatability) and accuracy (bias) of these techniques has been obtained. [71] [72] [73] Computer-based linear and volume measurement methods use similar 3-dimensional nodule analysis technology, with differences being the output obtained.
There are many factors that limit computer-assisted nodule measurement. These include irregular margins, irregular overall shape, adjacent structures, and emphysema. Differences in inspiratory lung volume and cardiac cycle phase also limit the usefulness of computer-assisted nodule measurements when evaluating a follow-up study.
74-79
Border characteristics can affect measurement variability because many techniques rely on segmentation of a nodule's border from adjacent structures, such as vessels, and shape assessment. Difficulty measuring perivascular, spiculated, perifissural, and pleural-based nodules has been reported by some [77] [78] [79] but not all investigations. 80 In addition, some studies have shown that different CT doses and reconstruction parameters affect nodule measurement. [80] [81] [82] Smaller nodules are associated with greater measurement error given their susceptibility to partial volume effect. 73, 80 In addition, measurement precision was shown by Rampinelli et al 83 to change after intravenous contrast administration in patients who underwent multiphase contrast-enhanced CT. A 4% to 6% and 4% to 7% higher median volume was identified for nodules on postcontrast compared with noncontrast images for two different commercial software packages. This occured at all time points for one software program, and at all time points except 30 seconds after contrast for the other program. The investigators postulated that this effect was due to increased attenuation of the nodule's edge that affected nodule segmentation. The particular phase of contrast enhancement was not a significant factor in nodule volume calculation. Therefore, the volume difference may need to be considered when comparing nodule volume measurements from CTs obtained with contrast to those without contrast. Finally, precision of volume measurement has minimally addressed nodules of ground-glass attenuation, with investigation so far primarily in phantom studies and with noncommercial products. 84, 85 Reported precision of volumetric analysis depends on the software program and emphasizes the need to measure nodule volume change with the same program. In an evaluation of 6 semiautomated software programs, De Hoop et al 73 reported the variability of measuring nodule volume on two unenhanced CT scans performed on the same visit in each of 20 patients with pulmonary metastases. Adequate segmentation occurred in 71% to 86% of nodules with a variability of 16.4% to 22.3% (Fig. 13) . The investigators noted that there were systemic volume differences among 11 of 15 comparisons of manufacturers.
Marchiano et al, 86 using a commercially-available software program, demonstrated a 95% confidence interval for differences in measured volumes in the range of ±27%, meaning a change in 27% of volume was probably a significant change. Rampinelli et al 87 recommended in their study that for their volume assessment method tested, a volume change of greater than 30% for nodules between 5 and 10 mm should be confirmed with another follow-up CT to confirm nodule growth. The increase in the volume of a nodule over time has been used as a method to differentiate benign from malignant nodules. Malignant nodules change in volume at a faster rate than persistent benign nodules, which typically remain stable or increase at a slow rate. Nodule growth over time has typically been expressed in terms of volumedoubling time. Malignant nodules generally have volumedoubling times between 20 and 400 days. [88] [89] [90] Benign nodules generally have volume-doubling times less than 20 days or more than 450 days. The volume-doubling time for small cell lung cancer is very fast, approximately 30 days, whereas adenocarcinoma of the lung has a volumedoubling time of approximately 180 days, with squamous cell in between. 91 Very rapid doubling times are seen in patients with AIDS-and Epstein-Barr virus-associated lymphoma 92 and overlap with infectious nodules. In addition, neoplasia can have long volume-doubling times. Bronchioloalveolar cell neoplasms can have very long volume-doubling times, on the order of 800 days. 48 It has also been shown that volume-doubling times are an independent prognostic factor for lung cancer patientsindependent of N, M, and T status. Shorter doubling times are associated with increased mortality. 93 Bronchial carcinoids can have a doubling time greater than 400 days. 89 For a solid SPN, two-year stability typically indicates a benign lesion. However, stability over two years does not imply a benign lesion when the SPN is subsolid. 46 Therefore, more caution must be exercised when managing an SPN despite two-year size stability. 94 Volume is not the only finding that changes with nodule growth. Border characteristics and nodule shape can change in the setting of asymmetric growth. 69 Computerassisted devices can potentially quantify morphologic features associated with malignancy and therefore recognize these changes. 66 However, the mean baseline CT density of solid nodules displayed by an automated program was not shown to differentiate malignant from benign nodules, although the median change in density was significantly different between benign (À0.1 HU) and malignant nodules (12.8 HU) . 95 For subsolid nodules, a recent study demonstrated that an increase in nodule mass was determined to be a better indicator of growth than an increase in volume. The mean nodule mass was expressed as the nodule volume multiplied by the mean attenuation in the volume (HU adjusted by adding 1000). 96 In this study, volume was determined manually by observers and was therefore subject to technical factors that affect quantitative evaluation. The role of new measures for the identification of subsolid nodules will be clarified by future investigation.
METABOLIC ACTIVITY ON 18F-FDG-PET
18F-FDG-PET can help differentiate malignant and benign pulmonary nodules. This technique is typically reserved for those that measure 10 mm or greater in size. For nodules greater than 8 mm and less than 10 mm in size, the efficacy of PET is diminished given the number of false negatives and is generally discouraged, except in investigational situations or on a case by case basis. 34 A number of investigations have been published concerning the efficacy of PET. PET has sensitivities on the order of 80% to 100%, with specificities on the order of 40% to 100%. In an analysis by Wahidi et al 35 of 17 published studies, a pooled 87% sensitivity and 83% specificity were reported. Abnormal 18F-FDG accumulation can occur with infectious nodules due to fungi and mycobacteria, sarcoidosis, rheumatoid nodules, and other causes of focal inflammatory lung disease. 34, 97 As mentioned, false-negative 18F-FDG-PET results can occur with pulmonary nodules smaller than 10 mm in size. In addition, tumors such as bronchioloalveolar cell carcinoma, well-differentiated adenocarcinoma, and carcinoid can all have low FDG uptake. 97, 98 In an investigation of seven carcinoid tumors by Erasmus et al, 99 a total of six tumors (three endobronchial and three parenchymal) had no abnormal FDG uptake (Fig. 5) . FDG-PET has been demonstrated to have a high negative predictive value; however, lesions that are deemed probably benign are recommended to be followed up by CT to ensure that false-negative PET results are later identified. 34 
NODULE ENHANCEMENT CHARACTERISTICS ON MDCT
CT nodule enhancement is a method that is not frequently used, although it is an option when 18F-FDG PET imaging is not available. [100] [101] [102] This technique is less frequently performed given the increasing access to 18F-FDG-PET imaging and the technical expertise required for CT nodule-enhancement studies. 103 Nodules that measure greater than 7 mm and less than 30 mm and lack calcification, cavitation, or ground-glass attenuation can be characterized using this technique. Studied in a multicenter trial, imaging is performed prior to and 1, 2, 3, and 4 minutes after intravenous contrast. The nodule's precontrast attenuation is subtracted from the maximal attenuation after intravenous contrast administration, as measured with a region of interest placed over a majority of the nodule on its largest cross-section in thin-section CT images. A 15-HU or smaller enhancement suggests a benign etiology. To avoid false-negative diagnoses, the investigators for this multicenter study recommended the use of a 10-HU threshold for enhancement and follow-up imaging with CT. The sensitivity and specificity were 98% and 58%, respectively, using a 15 HU threshold. Given the lower specificity of this technique, a greater than 15 HU increase may reflect either malignant or inflammatory disease (Fig. 14) . 100 Nodule enhancement has been investigated with increasing temporal resolution given advances in MDCT technology. 104 In their study using 20-second imaging and 2-dimensional region of interest analysis, Yi et al 104 identified that a 30-HU or greater enhancement had a sensitivity for malignancy of 99%, with a specificity of 54%, positive predictive value of 71%, and negative predictive value of 97%. The analysis of contrast-enhanced data for nodule perfusion can potentially benefit from image-processing techniques including volumetric enhancement analysis and semiquantitative enhancement maps. 105, 106 Limited investigation has addressed compartmental modeling with CT, in which enhancement data are analyzed for quantitative measures such as blood volume and volume-transfer constant (K trans ) parametric maps. 107 These parameters have been investigated primarily in lung cancer. K trans describes the portion of blood flow that enters the extravascular space. Despite the potential of these techniques, a trade-off exists between the number of imaging time points needed for such techniques and the radiation exposure to the patient. Low-dose techniques with low kVp and reduced mAs and limited coverage imaging have been used to minimize radiation exposure. 107 Dual-energy (DE) CT imaging was made clinically feasible by the development of dual-source and more recent kVp-switching single-source CT technology. 108 Such technology enables near-simultaneous or simultaneous acquisition both sets of kVp image data. DECT images can now be obtained at similar radiation exposures compared with a traditional single-energy CT acquisition. Image data from both kVps can be fused so that displayed images appear similar to a traditional 120-kVp image (a weighted-average image or "mixed" image). Material-specific images can be created using material decomposition, including an "iodine-enhanced image" that displays the distribution of iodine. 106 The iodine image has at times been referred to as a perfusion image, a misnomer given that the term perfusion implies the enhancement of tissue and blood over time, whereas the iodine image depicts blood volume at a single time point rather than flow. 109 With DECT imaging, an image without the iodine constituents can also be created, termed the virtual nonenhanced or virtual noncontrast image (Fig. 15) . Chae et al 110 compared the virtual nonenhanced image for the evaluation of lung nodules to a true noncontrast image and demonstrated good interstudy agreement. The investigators also reported strong agreement between HU values measured on a 3-minute delayed iodineenhanced image (as a measure of iodine enhancement) and nodule enhancement (difference in HUs between a true precontrast and 3-minute weighted-average images after contrast). The delayed iodine-enhanced CT image HU values had a sensitivity of 92% and a specificity of 70% for malignancy. 111 Although further research is necessary, such techniques may potentially obviate patient radiation by eliminating the need for multiple acquisitions and precontrast imaging.
PULMONARY NODULE MANAGEMENT
The approach to managing pulmonary nodules is multidisciplinary, with input from pulmonologists, surgeons, and radiologists. The evaluation of a pulmonary nodule has been summarized by the American College of Chest Physicians Clinical Practice Guidelines (ACCP). 34 The work up of a nodule includes assessment of a patient's risk for cancer, a weighing of the risks and benefits of evaluation methods, and consideration of patient preferences. Although the complexity of the topic necessitates a full examination of the ACCP guidelines and recommendations, which are given different strengths, a summary of management aspects will be discussed briefly to overview nodule management. Guidelines for the follow-up of subcentimeter pulmonary nodules incidentally detected by MDCT have been issued by the Fleischner Society and integrated into the ACCP guidelines. The workup of nodules that are larger than 10 mm in size provides a greater challenge, in that there are more noninvasive and invasive options for further evaluation.
Patient Risk and Nodule Factors
The ACCP guidelines recommend the qualitative or quantitative assessment of patient risk. Modeling has improved our understanding of risk factors for malignancy 58, 112 by determining the likelihood ratios of independent imaging and clinical factors. Specific clinical features determined to be significant predictors of malignancy are age, smoking history, and personal history of cancer 5 or more years prior. Nodule features associated with a higher likelihood of malignancy are size, spiculation, and upper lobe location. 113 A prediction model incorporating these factors was shown to predict the likelihood of malignancy similar to that of experts. 113 The addition of 18F-FDG-PET findings to a Bayesian analysis was shown to increase the effectiveness of the model. 114 
Risks Versus Benefits of Management Options
The likelihood of malignancy is weighed along with the risks to the patient. In terms of initial evaluation of a nodule, comparison with prior imaging is very useful to identify whether a finding is stable, and provides no additional patient risk. If solid and stable for 2 years, the finding is probably benign. 94 If a nodule is ground glass in attenuation on CT, longer follow-up at wider time intervals can be considered given that ground-glass nodule growth has been reported to be slow. 46, 115, 116 With longer followup, the theoretical risk of radiation exposure requires consideration. A reduced-dose, low-mAs imaging technique can be used for follow-up studies to reduce cumulative patient dose. 117 Without prior imaging, CT scan is recommended by the ACCP for indeterminate nodules identified on chest radiography.
The pretest probability of malignancy, related to patient risk and nodule characteristics, can be used to guide management. In the appropriate settings, alternatives to CT follow-up include CT nodule enhancement, FDG-PET, transthoracic or bronchoscopic needle biopsy, and surgical resection. Decision analysis has shown that differences between management strategies are very small, and the chosen approach is typically "a close call." 118 Therefore, the patient is encouraged to actively participate in the decision-making process. An algorithm recommended by the ACCP considers the probability of malignancy when deciding whether to observe, biopsy or resect a nodule. 116 When a very low clinical probability of cancer exists (<5%) for an SPN that is at least 8 to 10 mm in diameter, ACCP guidelines mention that observation with CT can be performed at 3, 6, 12, and 24 months. Moderate pretest probability patients can undergo further evaluation with FDG-PET and CT nodule enhancement when an SPN is at least 8 to 10 mm in size. 34 However, FDG-PET evaluation of subsolid nodules is prone to false negatives given their low metabolic activity and should not be systematically performed for these nodules. Biopsy remains a possibility for patients with moderate pretest probability, particularly when infection is suspected and when there are discordant FDG-PET findings and patient risk factors. Nodules that are nondiagnostic by biopsy can be observed when not hypermetabolic. However, this may not apply to subsolid lesions given that low FDG-PET activity frequently occurs. When FDG-PET or contrastenhanced CT is abnormal, the risk of malignancy is increased. The management of such lesions is challenging and depends on a case-by-case analysis considering lesion location and patient comorbidities. Histologic confirmation can be obtained in this scenario via transthoracic biopsy, bronchoscopic biopsy, or thoracoscopic wedge resection by frozen section. Patients with a moderate-to-high rate of malignancy (>60%) may undergo a surgical diagnosis FIGURE 14 . CT enhancement study of an enlarging nodule that was PET negative. The average HU measurement increases by 34 HU comparing the precontrast image (left) to the peak enhancement 4 minutes after contrast injection (right). when the nodule is hypermetabolic on FDG and patient preference is for a definitive diagnostic procedure. Biopsy is recommended prior to any therapy, surgical or nonsurgical.
For small pulmonary nodules less than 8 mm in size, the likelihood of malignancy is very low, on the order of less than 1% in high-risk smokers. 46 The Fleischner Society recommendation for these nodules considers nodule size and patient risk factors for lung cancer. However, nodule multiplicity and distribution are not directly addressed. Relevant patient risk factors include a smoking history, prior malignancy, family history of lung cancer in a firstdegree relative, and environmental exposures such as asbestos, radon, and uranium. These recommendations were not designed for application to patients younger than 35 years of age, for those with known extrathoracic malignancy, or cases with unexplained fever. 46 Importantly, the guidelines also do not apply to ground-glass or mixed ground-glass and solid pulmonary nodules. The guidelines suggest that solid pulmonary nodules less than or equal to 4 mm in size need not be followed further in a patient with no risk factors, whereas those individuals with risk factors can have a follow-up in 12 months, with no subsequent evaluation if the nodule is stable. The time interval at which a follow-up CT is performed decreases and the number of follow-up CTs to determine stability increases as nodule size increases, given the positive correlation of nodule size with risk of cancer. Despite the issuance of these guidelines, a lack of coherence in the management of nodules smaller than 10 mm remains, 119, 120 which may decrease in the ensuing years as continued dissemination of these guidelines occurs.
Formally proposed management guidelines for groundglass and subsolid pulmonary nodules have not yet been issued. There are limited options for assessing these lesions noninvasively, other than observation. Transthoracic biopsy can be performed on these lesions. 121 Interim management guidelines have been proposed by Godoy and Naidich. 117 Thin-section evaluation is very useful for identifying any solid components and evaluating the amount of groundglass attenuation. Given the poorly-defined nature of these nodules, the relationship of the ground glass to the anatomical structures needs to be scrutinized to assess for change. SPNs that are smaller than 5 mm and contain only ground-glass opacity are typically AAH, and it is unclear whether these lesions require follow-up. It has been shown that a small (7%) portion of 5 and 10 mm pure ground-glass opacities can have invasive adenocarinoma features 122 ; therefore, CT follow-up in these cases is recommended in 3 to 6 months. Pure ground-glass nodules larger than 10 mm that persist on a 3-month to 6-month follow-up CT are most likely BAC or invasive adenocarcinoma. 117 These lesions are typically resected, particularly if they increase in size or develop solid components. 117 Solid components developing in a ground-glass nodule and representing greater than 50% of the nodule have been associated with increased risk for nodal metastatic disease. 123 Regression of a ground-glass nodule has been described in a small proportion of nodules that are malignant, and therefore follow-up may be warranted to confirm continued size decrease of a groundglass lesion. The exact length of follow-up time required remains uncertain and must be weighed against the risk of further CT radiation dose. In addition, overdiagnosis of these lesions remains a factor, as there is a question of whether nodules with indolent behavior will affect overall patient survival. Longer intervals, such as one year followup, and dose reduction techniques can be used for surveillance of these findings. 117 
SUMMARY
The detection of pulmonary nodules on CT has been aided by advances in technology. The most common etiologies for a malignant SPN are primary lung cancer and metastasis. Infectious granulomas and hamartomas are the most common etiologies for a benign SPN. Diagnostic tools discussed in this review can be used to categorize SPNs as benign, malignant, or indeterminate. Evidencebased clinical guidelines and expert recommendations are available to guide the management of indeterminate SPNs.
